A B S T R A C T Particle-free extracts prepared from kidney cortex of rat catalyze the formation of ammonia via the purine nucleotide cycle. Compared with controls, extracts prepared from kidneys of rats fed ammonium chloride for 2 days show a 60% increase in adenylosuccinate synthetase and a threefold increase in adenylosuccinase activity, and a greater and more rapid synthesis of ammonia and adenine nucleotide from aspartate and inosine monophosphate. Extracts prepared from kidneys of rats fed a potassiumdeficient diet show a twofold increase in adenylosuccinate synthetase and a threefold increase in adenylosuccinase activity. In such extracts the rate of synthesis of ammonia and adenine nucleotide from aspartate and inosine monophosphate is also increased.
INTRODUCTION
The kidney plays a major role in the maintenance of acid-base balance, largely by the production of ammonia which diffuses into the tubular fluid where it combines with hydrogen ions (1) . The resulting ammonium ions are nondiffusible and are excreted in the urine. Part of the renal ammonia is derived from the amide group of glutamine via the glutaminase reaction (2, 3) . The remainder is currently believed to be derived largely from a-amino groups of amino acids by transamination to a-ketoglutarate (1), followed by oxidative deamination of the resulting glutamate via the glutamate dehydrogenase reaction (4) . We report below that extracts of rat kidney cortex can catalyze the formation of ammonia via the purine nucleotide cycle, a sequence of reactions that results in the production of ammonia and fumarate from aspartate (5) (b) (c) The enzymes that catalyze the reactions of the cycle are adenylate deaminase (a), adenylosuccinate synthetase (b), and adenylosuccinase (c). The net reaction for one turn of the cycle is:
Aspartate + GTP + H20 * fumarate + GDP + Pi + NH3.
(d) ' Abbreviations used in this paper: GDP, guanosine diphosphate; GMP, guanosine monophosphate; GTP, guanosine triphosphate; IMP, inosine monophosphate; SAMP, adenylosuccinate.
The Journal of Clinical Investigation Volume 58 August 1976 -326335
Activities of enzymes a, b, and c are repor,ted for kidney extracts prepared from control rats and from rats subjected to ammonium-chloride feeding and potassium de- pletion, conditions known to increase renal ammonia production (6) .
METHODS
Approximately 4 g of rat kidney cortex was homogenized in 3 vol by weight of 60 mM potassium phosphate buffer, pH 7.7, 2.0 mM EDTA, and 1.0 mM dithiothreitol at 4°C using a motor-driven glass homogenizer. The homogenate was allowed to stand on ice for 30 min and was then centrifuged at 31,000 g for 10 min. The supernate so obtained was centrifuged at 105,000 g for 45 min. The resulting high--speed supernate was subjected to gel filtration to remove endogenous substrates. 5 ml of the high-speed supernate was placed on a column of Sephadex G-25 (coarse grade) with a gel bed of 1.5 X 15 cm, which had been equilibrated with a mixture containing 30 mM potassium phosphate buffer, pH 7.2, 200 mM KCl, and 1.0 mM dithiothreitol. The column was eluted with the same mixture. The first 15 ml to be eluted contained no protein and was discarded. 1-ml fractions were collected, and the three fractions containing the highest protein concentrations were pooled. The resulting protein extract contained about 15 mg protein per ml.
Unless otherwise indicated, reaction mixtures designed to demonstrate the operation of the purine nucleotide cycle contained 0.1 ml protein extract, 50 mM KCI, 0.16 mM dithiothreitol, 0.25 mg creatine phosphokinase, 16 Animals were acid-loaded by administration of 20 mmol ammonium chloride per kg body weight by gavage for 2 ation of the purine nucleotide cycle in ex-days. During this time the animals had access to food and lney cortex and the effect of EDTA in the water ad lib. 6-h urine samples were collected before and im. The left renal cortices of two rats were during the acid-loading period. Urinary ammonia (expressed 60 mM potassium phosphate buffer, pH 7.7, as micromoles ammonia per milligram creatinine) rose from ithiothreitol; the right renal cortices were a control level of 14.1+2.4 (SEM) (ni = 11) to 184+18 and the same buffer which also contained 2.0 270+23 on the 1st and 2nd day of acid loading, respectively he homogenates were centrifuged, and each (P <0.001). Other controls showed that an equivalent ubjected to gel filtration as described under amount of ammonium carbonate produced 20.5±4.5 Amol eaction mixture contained 0.5 mM IMP, 0.3 ammonia per mg creatinine on the 1st and 2nd day of nM aspartate, 8.3 mM MgCl2, 16 mM crea-administration (P > 0.1). ).25 mg creatine phosphokinase, 5 mM phosAnimals were made potassium-deficient by feeding them 1 7.2, 27 mM imidazole-HCl buffer, pH 7.2, a diet low in potassium, <0.1%% potassium in the whole italline yeast hexokinase. The reaction was diet (General Biochemicals, Chagrin Falls, Ohio, catalog ng the kidney extract, 1.5 mg protein, and no. 170550), and giving them a solution of 0.9% NaCl as nal 0.6-ml volume at 25°C. 2-Deoxyglucose drinking water for 10 days. In addition each rat received 6 mM) was added at the point indicated by 1 mg deoxycorticosterone acetate daily by subcutaneous inoperation of the purine nucleotide cycle was jection. Under these conditions serum potassium concen- had relatively little effect on the rate of operation of the purine nucleotide cycle or on the extent to which its intermediates accumulated. Both adenine and guanine nucleotides were completely converted to uric acid after the reaction mixture had been allowed to stand at room temperature for 24 h, even when allopurinol was present in the reaction mixture (not shown in Fig. 3 ). In the presence of 0.5 mM allopurinol, hypoxanthine accumulated in the sample and reference curvettes at different rates (Fig. 4, dotted lines) . This difference causes a distortion of the spectra.
Effect of 1-pyrophosplhoryl ribose S-phosphate. In the presence of 0.8 mM 1-pyrophosphoryl ribose 5-phosphate, no hypoxanthine accumulated over a 6-h period (Fig. 4, solid symbols) . The presence of 1-pyrophosphoryl ribose 5-phosphate resulted in an increased accumulation of adenylosuccinate and a decreased accumulation of adenine nucleotide during the amination phase of the experinment. One possible explanation for this observation is that 1-pyrophosphoryl ribose 5-phosphate somewhat inhibits adenylosuccinase.
The loss of purine nucleotides to nucleosides and purine bases was not inhibited by the addition of adenosine a,#-methylene diphosphonate, indicating that the loss was not initiated by a 5'-nucleotidase inhibitable by this analogue (14) .
Effect of ainmoniuml chloride feeding. Protein extracts prepared from rats fed 20 mmol ammonium chloride per kg body weight daily for 2 days showed a greater and more rapid accumulation of adenine nucleotide during tests for the operation of the purine nucleotide cycle than did untreated controls. Typical results obtained with paired rats are shown in Fig. 5 . Other experiments showed that 3 days of ammonium chloride feeding produced a similar effect. Measurements of adenylosuccinate synthetase and adenylosuccinase showed that the activities of the enzynmes were increased 1.6-and 2.6-fold, respectively, in eight paired experiments (Table I) . Four rats fed an amount of ammonium carbonate equivalent to the ammonium chloride given the other rats did not show a change in adenylosuccinase activity.
Ammonium chloride feeding resulted in an increase in ammonia production under cycling conditions (Table   II) . This increase was not observed in kidney extracts prepared from ammonium carbonate-fed rats.
Effect of potassium depletion. Operation of the purine nucleotide cycle in extracts prepared from kidney cortex of rats that had been kept on the potassium-deficient diet was compared with the operation of the cycle in extracts prepared from normal rats. Results of a typical experiment obtained with paired rats are shown in Fig. 6 . Hypokalemia caused an increase in the rate of accumulation of adenine nucleotide and in the total amount accumulated (AMP + ADP + ATP). At the same time there was a considerable reduction in the amount of adenylosuccinate accumulated. Similar results were obtained in five other experiments. Adenyosuccinate synthetase and adenylosuccinase increased 1.8-and 2.7-fold in activity, respectively (Table I ). Potassium depletion resulted in an increase in ammonia production under cycling conditions (Table II) .
Ammonia production. Ammonia production did not start until the deamination phase of the cycle was initiated by adding 2-deoxyglucose. Six experiments, run under the conditions described in the legend to Fig. 6 , showed a production of 0.56±0.9 (SEM) nmol NHs/mg protein per min.
As has already been stated, adenylosuccinate synthetase is strongly *inhibited by one of its reaction products, namely GDP. This necessi.tates addition of creatine phosphate to regenerate GTP from GDP to demonstrate the operation of the complete cycle. Conversely, omission of the GTP-regenerating system can be used to demonstrate that anmnmonia production by the extract depends on the operation of adenylosuccinate synthetase. Table  II shows ammonia production during one complete turn of the purine nucleotide cycle. In the presence of the GTP-regenerating system, little or no ammonia production occurred during the amination phase of the cycle, which was observed by running spectral scans. However, there was a rapid release of ammonia during the deamination phase of the cycle, which was also observed by running spectral scans. In controls which lacked creatine phosphate, spectral scans showed that neither the amination nor the deamination phase of the cycle occurred. Ammllonia analyses of the controls showed an accumulation of approximately 0.1 mM ammonia during the period which corresponded to the amination phase in the complete reaction mixture. The controls showed little additional accumulation of ammonia during the period corresponding to the deamination phase of the cycle in the complete reaction mixture. The simplest explanation for these observations is that when creatine phosphate is omitted, the GDP formed prevents production of ammonia via the purine nucleotide cycle by inhibiting adenylosuccinate synthetase. However, under these conditions GDP is degraded further to GMP and guanosine, which is then deaminated to xanthosine and ammonia. The correctness of this interpretation is supported by the observation that when kidney extracts were incubated with 0.1 mM GTP alone, the amount of ammonia produced was about 0.1 mM, but this ammonia production was prevented by addition of creatine phosphate (Table II) (17, (20) (21) (22) (23) (24) (25) (26) (27) . Thus the currently accepted -scheme pivots on the assumption that glutamate dehydrogenase plays a primary role in ammonia formation from the a-amino 0.3 _ groups of amino acids.
E
Operation of the purine nucleotide cycle has been demonstrated in exetracts of muscle (7, 28) GDP, a product of the reaction it catalyzes, but this inTime (h) hibition can be avoided by enmploying a nucleoside triphosphate-regenercating system such as one consisting On the 11th day of the treatment, the animals were arevents thne deamination phase of thoe cycle from operkilled and extracts of their kidney cortices were prepared ating. One way in which deamination can be initiated as described under Methods. The reaction mixture was as is by the additioll of 2-deoxyglucose, which, in condescribed in the legend to Fig. 2 , except that both test and junction with hexokinase and myokinase, leads to the reference cuvettes contained 0.8 mM 1-pyrophosphoryl ribose conversion of ATP into ADP and AMP. (Table I ). However, it should be noted that DISCUSSION even under these conditions, adenylate deaminase is still The currently accepted scheme for ammonia production about three times more active than adenylosuccinase by the kidney involves the conversion of glutamine to (Table I) . (This comparison refers to the assays carammllonia and glutanmate via the glutaminase reaction, ried out at pH 7.2.) Of interest in this connection is a and the conversion of glutamate to ammonia and a-keto-report 'that primary hypokalemic periodic paralysis in glutarate via the glutamate dehydrogenase reaction (4, humiians is associated with very low levels of adenylate [15] [16] [17] . Another and probably minor pathway involves deamlinase in muscle (31) . Adnministration of a load the transamination of glutamine and a-ketoglutarate to of carbolhydrate to patients suffering from this disease yield a-ketoglutaramate and glutamate, and the subse-can lead to sudden onsets of paralysis. In skeletal muscle the rate of ammonia production correlates well with the rate of glycolysis, although there is no stoichiometry between the two processes (5) .
The possible contribution of the purine nucleotide cycle to ammonia production by the kidney can be estimated by comparison of our results with previously published data for the rat. The literature contains many reports of rates of ammonia production by kidney based on experiments with slices, perfused kidneys, and whole animals. Measurenments performed in vitro commonly involved the addition of glutamine to the incubation mixture or perfusate. In such cases the glutamine added represented a large excess over the amount of ammonia produced during the experiment, and the amide group of glutamine was the major source of ammonia. Under such conditions it is difficult to assess the amounts of ammonia arising from other sources such as the a-amino group of amino acids. An assessment of the relative contributions to ammonia production made by different nitrogen sources under physiological conditions has been made only for kidney of the dog; an average of 43% of the excreted ammonia was calculated to arise from glutamine, 22% from the a-amino group of amino acids, and 35% from arterial ammonia (4, 32) . Comparable assessments for ra,t or man are not available (33) , although it has been estimated that 63% of the ammonia produced by the kidney of man is contributed by the amide nitrogen of glutamine (32) .
Several investigators have tested the effect of adding glutamate or aspartate on ammonia production by kidney slices or the perfused kidney (34) (35) (36) (37) (38) (39) . In these experinients it is difficult to judge how much ammonia arises from the added substrate and how much from endogenous sources such as glutamine. In all cases addition of aspartate or glutamate caused an enhancement of ammonia production. The concentrations of glutamate or aspartate that were added were very high compared to their normal extracellular concentrations. Comparison of normal kidneys with kidneys from acidotic animals shows that in all cases the latter exhibited higher rates of ammonia production (22, (34) (35) (36) (37) (38) (39) (40) . Table I slhows that the specific activities of adenylosuccinate synthetase and adenylosuccinase in kidneys of normal rats were 1.2 and 1.3 nmol/mg protein per min respectively. These activities rose to 1.9 and 3.3, respectively, in rats fed ammonium chloride. The specific activity of adenylate deaminase in kidneys from ammonium chloride-fed rats sets an upper limit to ammonia production by this enzyme of 26 nmol/mg protein per min. These activities are of the order of magnitude8 of 3 The rates found in the literature were converted to nanomoles per milligram cytoplasmic protein per minute by using the following conversion factors. Rates expressed per gram fresh weight of kidney were converted to rates per the rates of ammonia production reported in the literature (22, (34) (35) (36) (37) (38) (39) (40) . A comparison of the rates of ammonia production reported for intact rats (22, 40) with the activities of adenylosuccinate synthetase and adenylosuccinase (Table I) shows that these enzymes can account for 10-100% of ammonia production in normal rats and for 7-64% in acidotic rats. In view of the wide range of rates of ammonia production reported in the literature, and the uncertainty concerning the contribution made by the amide group of glutamine, these figures indicate that in the kidney the purine nucleotide cycle may account for a substantial portion of ammonia production from a-amino groups of a-amino acids.
Our results also show that kidney extracts catalyze the conversion of IMP to inosine and uric acid (Fig. 3) . The loss of purine nucleotides into nucleosides and purine bases is probably initiated by alkaline phosphatase, since it cannot be prevented by adenosine a,#-methylene diphosphonate (AOPCP), a powerful inhibitor of 5'-nucleotidase (14) . The contribution that the mammalian kidney makes to an animal's total uric acid production has not been assessed previously. The conversion of IMP to uric acid is inhibited by either allopurinol or 1-pyrophosphoryl ribose 5-phosphate, while the production of ammonia via the purine nucleotide cycle is markedly increased by these substances (Figs. 3 and 4) . The simplest explanation for this finding is that uric acid production constitutes a drain on the pool of purine nucleotides that catalyze the production of ammonia via the purine nucleotide cycle, and that allopurinol and 1-pyrophosphoryl ribose 5-phosphate block this drain.
Clinical observations have linked ammonia and uric acid production in gout (42, 43) . Compared to controls, patients with primary gout may excrete 30% less ammonia in the urine (44) , and they have elevated blood levels of glutamate (45) . Our participate catalytically in the purine nucleotide cycle or be dissipated to form urate. The factors that control the relative rates at which these two pathways operate in vivo remain to be determined.
